Industrial robots require high-speed and high-precision motion for improvements in productivity and product quality. However, high-speed motion excites residual vibration because the joint axis of the industrial robot has axial torsion. In addition, the inertia moment of the industrial robot is changed by the end-effector tool. Therefore, robust vibration suppression control is required. However, achieving both robust vibration suppression control and high-speed motion control is difficult. This paper proposes a new final state control method that considers the convergence time and inertia variation for an industrial robot. The proposed method applies final state control to the entire motion control system of each joint. To achieve the desired convergence time for the end-effector, the final state control profile is redesigned by using a proposed flowchart. The effectiveness of the proposed method is confirmed by a numerical simulation and an experiment using a 3-degree-of-freedom robot manipulator.
Introduction
Industrial robots are widely used in many industrial fields. In the painting or welding operations, vibration of the endeffector degrades the product quality. Vibration suppression control of each joint and the end-effector is important to motion control of the industrial robot. The joint axis of the industrial robot has the axial torsion between the motor and load sides; therefore, the joint axis is modeled as a two-mass system (1) - (4) . The axial torsion causes the residual vibration of the end-effector. Therefore, the vibration suppression control such as the state feedback is required for the industrial robot. The inertia moment of the industrial robot is changed by the end-effector tool; therefore, the design of the motion control system must consider the inertia variation.
Feedforward control is often used to improve the position control performance, because shortening the convergence time by using only feedback control is difficult. The profile design is not strictly a feedforward control; in terms of predicting the characteristics of the plant system, however, the profile design is considered to be a kind of the off-line feedforward control. Recent research has produced the filtering methods that propose suppressing the frequency component around the resonant frequency (5) - (7) . Hence, profile design methods that use the final state control have also been proposed (8)-(11) . However, it is difficult to achieve the desired convergence time of the end-effector by using only final state control, because the industrial robot manipulator has the non-linear dynamic torque. The dynamic feedforward * Nagaoka University of Technology 1603-1, Kamitomioka-machi, Nagaoka-shi, Niigata 940-2188, Japan compensation (DFFC) is used to suppress the effect of the non-linear dynamic torque (15) , however, the DFFC has the delay of the compensation. Moreover, the state observer which is used for the state feedback also has the delay of the estimation. For these reason, the perfect linearization is difficult, hence, only final state control of the end-effector is also difficult.
This paper proposes a new profile design method that considers the convergence time and the inertia variation. The proposed method provides the systematical profile design method for the industrial robot. The proposed method applies the final state control to the entire motion control system of each joint. To achieve the desired convergence time of the end-effector, the final state control profile is redesigned by using a proposed flowchart. The effectiveness of the proposed method is confirmed by a numerical simulation and an experiment using a 3-degree-of-freedom (3-DOF) robot manipulator.
Final State Control Considering Convergence Time and Inertia Variation

Augmented System for Final State Control
The final state control is used for the robot arm to reach its position in the desired time. The minimum-jerk trajectory is used so as to not excite the residual vibration (12) . Appendix 1 shows the profile design based on the final state control. To achieve the desired convergence time of the position response, the final state control is applied to the augmented system shown in Fig. 1 . The augmented system consists of the actual plant system, the feedback loop and the additional state variables from the jerk reference to the position reference.
is a discrete-time model of the entire motion control system and is expressed by (2) . This equation is obtained from the continuous time model as expressed by (1) . The state equation of the motion control system expressed by (1) is linearized by using the dynamic feedforward compensation (Appendix 2).
where,
The relations among the jerk reference j 
The difference equation of the augmented system P e (z) is obtained by merging (2) and (3).
To obtain the feedforward input, the matrices A e and b e are applied to (A5). As a result, the feedforward input for the [k] shows the state variables of the reference generator.
The initial values of the state variables x[0] and the final values of the state variables x[N] are set as follows. θ shows the displacement of each joint. Figure 2 shows the block diagram of the motion control system using proposed profile design method. The position and velocity references are calculated from the jerk signal. The motion control system considers the robustness against the inertia variation (14) . In addition, the dynamic feedforward compensation is used to compensate for non-linear dynamic torque (15) . 
where, 
Profile Design Considering Inertia Variation
The profile design that considers the convergence time of each joint is proposed in the previous section. However, it is difficult to achieve the desired convergence time of the endeffector by using only final state control, because the industrial robot manipulator has the non-linear dynamic torque. The DFFC suppresses the effect of the non-linear dynamic torque, however, the non-linear dynamic torque is not quite canceled because of the delay of the compensation.
To achieve the desired convergence time of the endeffector, this paper redesigns the profile based on a flowchart shown in Fig. 4 . Before the profile design, this paper confirms whether the motion control system satisfies the small gain theorem. After the confirmation, the proposed method designs the profile by changing the nominal inertia J Ln . Following the proposed flowchart, the proposed method confirms the convergence in time domain and the robustness at the smallest gain margin condition in the frequency domain. The nominal inertia J Ln is included in the state equation of the motion control system, which is expressed by (9) .
The inertia variation region from the minimum inertia J L,0% to the maximum inertia J L,100% is considered. At first, profile-A is designed by using J L,0% as the nominal inertia J Ln of each joint. By increasing J Ln in small increments, J Ln Its undershoot becomes increased with increased inertia. Therefore, The inertia values minimizing the undershoot and the residual vibration should be further selected from the inertia range satisfying the convergence condition. The inertia value that minimizes the undershoot is J L,44% . The inertia value that minimizes the residual vibration is J L,100% .
The effectiveness of the profile design method is confirmed by considering the inertia variation using numerical simulation. Figure 5 shows the simulation results of the end-effector position response for the inertia variation. Three profile patterns are used in the numerical simulation: (A) only the convergence time is considered; (B) the inertia variation is also considered, and the residual vibration is minimized; and (C) the inertia variation is also considered, and the undershoot is minimized. The simulation results show that profile-A causes the residual vibration due to the inertia variation. Profile-B has the smallest residual vibration, and profile-C has the smallest undershoot.
Robustness Analysis for Inertia Variation
This paper confirms the robustness of the proposed method by using the small gain theorem. (10) expresses the small gain theorem. (11) is the alternative expression of (10). In (11), the robustness is confirmed by comparing the gain of the complementary sensitivity function T (s) with the reciprocal of the multiplicative variation Δ −1 (s). Fig. 7 shows the motion control system which has the parameter variation of the load-side inertia moment. Here, the multiplicative variation Δ(s) is expressed as (12).
The general plant system P(s) and the nominal plant system P n (s) are expressed as follows.
(15) is obtained from (12), (13) and (14). 
As a result, the reciprocal of the multiplicative variation Δ −1 (s) is obtained.
Next, this paper derives the complementary sensitivity function T (s). (17) and (18) show the state equation of the motion control system. In this system, the input signal is defined as Δω L , and output signal is defined as ω L .
where, Figure 8 shows the frequency characteristics of T (s) and Δ −1 (s). This figure shows that the proposed motion control system satisfies the small gain theorem, regardless of the payload. In the case of the 100% payload, the gain margin is smallest because the gain margin decreases with increase in the payload. This paper confirms the frequency characteristics of the cascade connection of the proposed profile and the closed loop transfer function on condition of inertia variation. In the case of 100% payload, the motion control system has the maximum norm. Therefore, to confirm the robustness of the proposed profile, this paper obtains the vibration suppression characteristics in the condition of 100% payload.
The gain characteristics of the transfer functions of the motion control system are shown in Fig. 9; Fig. 10 shows the FFT analysis of the profile designed by the proposed method. Figure 11 shows the gain characteristics of cascade connection of Figs. 9 and 10. These figures indicate that the frequency component around the resonant frequency is suppressed when the inertia variation is considered. The results show that the profile design that considers the inertia variation is robust against the inertia variation. 
Experimental Results
Experimental Setup
In this paper, an experiment using the 3-DOF industrial robot is carried out to confirm the effectiveness of the proposed method. Figure 12 shows the external view of the tested 3-DOF industrial robot manipulator. Figure 13 and Table 4 show the specifics of the tested motion. The joint response is measured by a rotary encoder installed at each joint, and the end-effector response is measured by a laser displacement sensor and an acceleration sensor.
The desired convergence time is set to 0.75[s] because this is the shortest convergence time that does not reach the current limit. When the residual vibration is ±0.2 [mm], the endeffector response is considered to have converged. The convergence time of the end-effector, maximum vibration amplitude of the end-effector and maximum vibration amplitude of the end-effector acceleration are evaluated in this paper.
The experiment is carried out under two conditions to confirm the effect of the inertia variation; with and without payload corresponds to 0% load condition, and the experiment with 7.2 [kg] payload corresponds to 100% load condition. The three profiles obtained by the proposed method are tested: (A) only the convergence time is considered; (B) the inertia variation is also considered, and the residual vibration is minimized; and (C) the inertia variation is also considered, and the undershoot is minimized. For the comparison, the experimental results from using the trapezoidal acceleration pattern are also presented in this paper. These tested motion references are shown in Fig. 14. 
Experimental Results
The experimental results without the payload are shown in Figs. 15, 16, 17 and Table 5. Figure 5 shows that the acceleration drift occurs at steady state because the bandwidth of the acceleration sensor using profile-B have the small residual vibration; however, the desired convergence time is not achieved because of the large undershoot. The experimental results using profile-C achieves the desired convergence time because of the small residual vibration and small undershoot. These results indicate the similar tendency as the simulation results. When the experiment is performed with the full load and using profile-C, the motor position vibration is reduced by 87 [%], the endeffector position vibration is reduced by 83 [%] and the endeffector acceleration vibration is reduced by 77 [%].
Conclusion
This paper proposes a new profile design method that considers the convergence time and parameter variation. The proposed method applies the final state control to the entire motion control system of each joint. It is difficult to achieve the desired convergence time of the end-effector by using only final state control because of the delay of the DFFC. To achieve the desired convergence time of the end-effector, the final state control profile is redesigned by using the proposed flowchart.
The effectiveness of the proposed method is confirmed by a numerical simulation and an experiment using a 3-DOF robot manipulator. The experimental results show that the end-effector position is converged at the desired convergence time through the use of the final state control that considers the convergence time. With or without the end-effector payload, the residual vibration is suppressed, and the desired convergence time is achieved. Furthermore, this paper shows that the profile that considers the convergence time and the parameter variation is designed systematically. The proposed method can be effective for the high-speed and high-precision motion control of the industrial robot. 
Feedforward Input Design based on Final State
Control First, the discrete-time system expressed in (A1) is considered. In this system, the feedforward input is considered where the state of the system reaches the final state N steps later.
The initial state of the system is defined as x[0]; the state N steps later is obtained by (A2).
Σ and U are defined as follows:
Since there are innumerable feedforward inputs that satisfy (A2), U is not unique. Therefore, a limiting condition is needed. To obtain a unique equation, the condition of the minimum sum of squares of U is considered.
U then uniquely satisfies (A2), and the feedforward input is obtained (A4).
In addition, the weight matrix Q is treated as the identity matrix, and (A4) is transformed as follows:
As a result, the feedforward input for the final state control by which the state of the system reaches the final state in finite steps is obtained by using (A5). 2. Linearization based on dynamic feedforward compensation The coupled torque and the gravity torque of the robot have to be compensated to achieve the linearized two-inertia model. These nonlinear disturbance torques from various joint axes are calculated and canceled by the dynamic feedforward compensation (DFFC), which uses the inverse dynamic torque equation (14) (15) . The dynamic torque required to drive the robot motion is shown in (A6). The disturbance torque τ L represents the comprehensive influence that is the coupled torque of the other axis, the inertia variation of the original axis, and the gravity force. τ L is calculated by subtracting τ Ln from τ, as shown in (A8). 
In this compensation technique, the load position and the load speed are necessary to compute τ L . However, accurate sensing of the load information is very difficult in the robot manipulators. In this paper, these load-side information are calculated from the motor position reference θ Since design of W r (z) considers the nominal two-inertia resonant system, the coefficients of W r (z) depend on parameters of the two-inertia model. τ L at the load side of the each joint is computed by using the inverse dynamic torque equation.
results using profile-B have the small residual vibration; however, the desired convergence time is not achieved because of the large undershoot. The experimental results using profile-C achieves the desired convergence time because of the small residual vibration and small undershoot. These results denotes the same tendency of the experimental results of Robot-A. Therefore, the proposed method has the generality without dependence on the robot manipulator.
